Whiting and Buchanan models regarding these statistical parameters. Rosemary and thyme hydrosols were found to be the most efficient sanitizers in reducing the S. aureus numbers. Results demonstrate that predictive models could be utilized for describing the inactivation or survival of S. aureus on fresh-cut apple with the effects of the treatments with plant hydrosols.
INTRODUCTION
Staphylococcus aureus is a facultative anaerobic, gram positive, and sphericalshaped bacterium with a diameter of 1-1.3 µm. Staphylococcal illnesses are resulted from enterotoxins produced by S. aureus in the foodstuff. [1] Staphylococcal food poisoning is prevailed all over the world. [2] Between 1979-1982, staphylococcal food poisoning constituted about 2% of reported outbreaks in Britain. [3] Recently, S. aureus has been
MATERIALS AND METHODS

Preparation of Plant Hydrosols and Apple Samples
Thyme (Thymus vulgaris L.), rosemary (Rosmarinus officinalis L.), sage (Salvia officinalis L.), and bayleaf (Laurus nobilis L.) plants were obtained from a local spice market in Kayseri, Turkey. In this study, leaves of thyme and bayleaf, and flowers of sage and rosemary were used as plant materials. The plant hydrosols were produced as outlined by Sagdic. [24] Fifty grams of plant material was ground and placed into a flask (1 L) with 500 mL of distilled water (1:10 w/v) and hydrodistilled for 1 h with a Clevenger apparatus. During the hydrodistillation process, essential oil was removed through the cooling tunnels. Hydrosols were kept in sterile bottles at 4 • C until use.
Fresh unprocessed apples were purchased from a local supermarket in Kayseri, Turkey and stored at 4 • C until use. Apples were initially washed with cold tap water for 5 min to remove undesired residues and reduce native microbial load and then cut into pieces (1 × 1 × 1 cm 3 , each approximately 1 g) with a sterile knife to use them in the experiments.
Bacterial Culture Preparation and Contamination into Foods
Stock cultures of Staphylococcus aureus ATCC 25923 were obtained from Kayseri Agriculture Control Protection Management, Turkey. The culture was activated in Nutrient Broth (Merck, Darmstadt, Germany) at 37 • C for 24 h.
A dip inoculation method was used to contaminate the sliced apples with S. aureus. For this purpose, stock inoculum solution with the targeted inoculation level of 10 6 cfu/mL was prepared by transferring 24 h Nutrient Broth culture of S. aureus into 500 mL of Ringer solution (1% v/v) and sliced apples (100 g) were immersed in it. The mixture was shaken for 1 min by hand to distribute the inoculum homogenously on the sliced apple samples and then they were kept in a biological safety cabinet (NuAire model Nu-425-200, Plymouth, MN, USA) at 22 ± 2 • C for 1 h. Then the inoculated apple samples were filtered using rough filter paper under aseptic conditions. [25] 
Washing Treatment of Apple Samples with Plant Hydrosols
Sterility of the plant hydrosols was verified before use. Apple pieces were also tested for the presence of S. aureus and the bacterium was not detected. The contaminated sliced apple samples were washed by immersing 50 g of sample in sterile bottles containing 100 mL of sanitizing hydrosol for 0, 20, 40, and 60 min while control samples were immersed in sterile tap water. Bottles were covered following the addition of the sliced apple samples and subjected to continuous shaking. Finally, 10 g of the sliced apple samples were removed from the bottle by a sterile tweezer after 20, 40, and 60 min. [25] 
Enumeration of S. aureus Cells
Initially, 10 g of sanitized apple sample was transferred into sterile bottles containing 90 mL of sterile maximum recovery diluent solution and shaken vigorously by hand for 1 min. Next, 1 mL of homogenized solution was serially diluted in test tubes containing 9 mL of sterile maximum recovery diluent solution until 10 6 . Initial counts and the number of surviving S. aureus cells were determined by spread-plating 1 ml of diluted (or nondiluted) samples on duplicate plates of Baird Parker Agar-BPA (Merck, Germany). The plates were incubated at 37 • C for 48 h, after which all the characteristic visible bright black colonies on BPA were counted. The number of surviving cells was expressed as log N/N 0 (N after treatment/initial N 0 ).
Fitting of the Survival Models
Mathematical models that were developed for inactivation of S. aureus were fitted at different times of treatment of fresh cut apples with plant hydrosols. Curves were fitted to the natural logarithm of the counted S. aureus numbers, as detailed below, to estimate the inactivation rates using models. The nonlinear equations were used to fit to experimental data for inactivation of S. aureus by nonlinear regression analysis using Statistica (v8, StatSoft Inc., Tulsa, OK, USA). The Marquardt-Levenberg algorithm, a search method to minimize the sum of squares of the differences between the fitted and experimental data, was used to calculate the set of parameters and regression coefficient (R 2 ). Among the models studied, the application of the modified Gompertz and logistic models for the description of microbial survival/inactivation and growth has been well documented and commonly described in the literature. [18,26−28] The other models, Richards, Stannard, [26] and Whiting and Buchanan models, [29] were also used to calculate the set of parameters and regression coefficients (R 2 ).
The modified Gompertz (Eq. 1), logistic (Eq. 2), Richards (Eq. 5), Stannard (Eq. 6), and Whiting and Buchanan (Eq. 7) models were used as the empirical models to fit the microbial survival curves of S. aureus.
where log N (log cfu/g) is the logarithm of the number of S. aureus at time t; log N 0 (log cfu 0 ) is the logarithm of the number of S. aureus counts at time 0; a is the count increment as time increases indefinitely, that is the number of log cycles of growth (log cfu/g); B is the specific growth rate at time m (1/min), and m is the time at which the absolute growth rate is at a maximum (min).
where log N, log N 0 , and a have the same meaning as above; d is a dimensionless parameter; and c is the specific growth rate (1/min). Because modified Gompertz and logistic models are sigmoidal models, both of them are more appropriate for fitting growth curves complete with all three phases, involving lag, exponential, and stationary phases.
For the modified Gompertz model, the maximum specific inactivation rate (log cfu/g/min) was calculated from:
and for the logistic model, the maximum specific inactivation rate (log cfu/g/min) was derived from:
where log N, log N 0 , and a have the same meaning as above; b, c, d, k, and p are the numbers of microorganisms at time t 0 .
Comparison of the Fitted Models
The performance of the all mathematical models used in this study to predict the inactivation kinetics of S. aureus in fresh-cut apples was compared using various statistical parameters, i.e., the mean percentage error (MPE), the mean bias error (MBE), the root mean square error (RMSE), the modeling efficiency (EF), and chi-square (χ 2 ) as well as determination of coefficient (R 2 ). These parameters were used to evaluate the models using the differences between experimental data and model estimates. [30] These parameters were calculated as follows:
where log N exp,i (log cfu/g) is the experimental logarithm of the number of S. aureus at time t, log N pre,i is the predicted logarithm of the number of S. aureus at time t (log cfu/g), log N exp,ave is the average of logarithm of the number of S. aureus at time t (log cfu/g), n is the number of data points, and n u is the number of model parameters.
RESULTS AND DISCUSSION
Volatile Components of Plant Hydrosols
Major volatile compounds of plant hydrosols determined previously by Tornuk et al. [25] were presented in Table 1 . As can be seen in the table, carvacrol was detected in both thyme and sage hydrosols while thymol was another component found in thyme hydrosol in relatively high amounts. Meanwhile, α-terpineol and eugenol were the most abundant volatile compounds of rosemary and bayleaf hydrosols, respectively (Table 1) .
There has been a limited number of studies showing the volatile compositions of hydrosols from different plants. However, it may be expected that volatile components of hydrosols were similar to essential oils with lower amounts. In this case, volatile composition of an essential oil from a particular plant is comparable with the hydrosol. Porte and Godoy [31] detected carvacrol in the volatile composition of thyme essential oil in addition to thymol, p-cymene, and γ -terpinene. Although Pintore et al. [32] determined α-terpineol as one of the volatile compounds in rosemary essential oil from different origins with insignificant levels, α-pinene, camphor, verbenone, and bornyl acetate were the major compounds in the composition. In another study, 1,8-cineole (39.5-69.2%), linalool (5.6-15.3%), and α-terpineol (2.2-13%) were found as the main volatiles of bayleaf hydrosols. [33] Table 2 shows the derived parameters from modeling the survival number of S. aureus on treated fresh-cut apples with different plant hydrosols. All models gave reasonably good fits, with high R 2 values. As can be seen, these models were three-or four-parameter models that were used to describe the sigmoidal inactivation curve. In the three-parameter models, the estimates have one more degree of freedom, which can be important in the case of use of an activation curve with a small number of experimental points. All three-parameter models have a biological meaning. On the other hand, the four-parameter models give shape parameter and their explanation is difficult in terms of biological aspect. [34] The maximum specific inactivation rates (μ), the derived parameter from the modified Gompertz and logistic models are given in Table 1 . It can be clearly seen that the inactivation rate values obtained from these two models were determined from −0.053 to −0.201 log cfu/g/min. The negative signs of the μ values indicate inactivation. The similar Table 1 Major volatile compounds of plant hydrosols. [25] Hydrosol results were also obtained with the a (the count increment) values of the other models; Richards, Stannard, and Whiting and Buchanan models indicated inactivation rates with negative signs. Figure 1 illustrates the predicted data obtained by the fitting of experimental data with different predictive models. As can be seen from Fig. 1 , model predictions gave similar results in some cases. For example, in the graphic showing the fitting results of the effect of thyme hydrosol treatment on S. aureus population, all models predicted the bacterial inactivation in a similar way with each other and with high accuracy.
Effects of Plant Hydrosols and Evaluation of the Biological Parameters
As for the effectiveness degree of the plant hydrosols based on the biological estimating parameters given in Table 2 , rosemary and thyme hydrosols appeared to be the most effective sanitizers. Figure 1 also indicates the results of the experimental data. The initial number of S. aureus was 5.47 log cfu/g. Each hydrosol treatment resulted in remarkable reductions in the counts of S. aureus even in the first 20 min of treatment time and that rosemary and thyme hydrosol was the most effective sanitizer, considerably decreasing the number of S. aureus in the tested treatment times (20, 40 , and 60 min). S. aureus counts decreased to the level of 3.85 log cfu/g after the sliced-apple samples were treated with the thyme hydrosol for 60 min. As for the rest of the plant hydrosols, the efficiency of the rosemary and sage hydrosols was also time dependent and additional reductions took place with increasing the times of treatments. To summarize, observed and fitted inactivation responses indicated that hydrosol application showed remarkable inhibitory effect on S. aureus. These results were consistent with the reports in the literature. [24,35−37] Antibacterial activity of plant hydrosols may possibly be due to the presence of carvacrol and thymol. [31, 38] On the other hand, a great number of the studies have been conducted to determine the antibacterial effects of various plant materials, such as essential oils, extracts, and hydrosols. [24,36,37,39−41] Karatas and Ertekin [37] proved in vitro antibacterial activities of essential oils obtained from four parts of sage against S. aureus. In a previous study, [24] inhibitory effect of thyme hydrosol on S. aureus was revealed. Sagdic and Ozcan [41] reported that oregano hydrosol showed the highest inhibition effect on S. aureus than did other hydrosols obtained from rosemary, sage, and black thyme. Hydrosols, also known to be aromatic water or distillate water, are residual liquid materials obtained after distillation of essential oils. [42] 
Model Comparisons
Microbial inhibition or inactivation is the second most studied area of modeling of microbiological food safety. A model used for describing the inhibition rate of a particular microorganism may present a linear decrease of population over time under an inactivation or preservation treatment. [23] Several models have been utilized to fit models better for evaluation of microbial inactivation kinetics in various food models. Erkmen [18] analyzed the inactivation curve of Salmonella Typhimurium under high hydrostatic pressures at different temperatures using the modified Gompertz model. In the study of Chen, [43] linear, Weibull, and log-logistic functions were used to obtain survival curves of six foodborne pathogens in ultra-high-temperature (UHT) whole milk exposed to high hydrostatic pressure; as a result, they found that the log-logistic and Weibull models consistently showed better fits to the inactivation data than did the linear model. Bialka et al. [44] reported that the Weibull model fitted better than the log-linear model in predicting the inactivation of Escherichia coli O157:H7 and Salmonella enterica in raspberries and strawberries by their exposure to ozone or pulsed UV-light.
In this study, performance of the derived models was compared with each other. Table 3 indicates the performance of the derived mathematical models evaluated by the statistical test parameters: MPE, MBE, RMSE, EF, and χ 2 . It was reported that higher values of EF and lower of MPE, MBE, RMSE, and χ 2 implies the better goodness of an individual model. [30] In this respect, when EF, RMSE, and χ 2 values are taken into consideration, modified Gompertz, logistic, and Stannard models exhibited better results as compared to the other models regarding each hydrosol treatment. The correlations between experimental and predicted data obtained from the modified Gompertz, logistic, Richards, Stannard, and Whiting and Buchanan models used for determination of the effects of hydrosol treatments on the survival of S. aureus are shown in Fig. 1 . In all cases, there was good agreement between experimental and predicted data with R 2 values between 0.800 and 0.996 (Table 3) .
CONCLUSIONS
Plant hydrosols were successful in reducing the count of S. aureus inoculated on fresh-cut apples, and remarkable decreasing effect of each hydrosol was observed even at the treatment time (20 min). The inhibition effects of rosemary and thyme hydrosols were higher than those of bayleaf and sage hydrosols. All the mathematical models had a good fit with relatively high R 2 values. Modified Gompertz, Logistic, and Stannard models exhibited better fits than Richards and Whiting and Buchanan models in respect of the statistical comparison tools. This study revealed that the mathematical models studied could be used successfully to explain the microbial inactivation responses under different hydrosol applications.
